We have demonstrated the InGaN/GaN single-quantum-well (SQW) red light-emitting diodes (LEDs) grown on the free-standing GaN (20 21) substrate with a forward voltage as low as 2.8 V at 20 mA. A low p-GaN growth temperature is required to prevent the structure deterioration during the p-GaN growth. The reduction of the forward voltage was observed as the emission wavelength increased in the (20 21) SQW LEDs, which is attributed to its reversed polarization-related electric field compared to the conventional c-plane LEDs.
Introduction
InGaN alloys possess a wide range of bandgap from the infrared to the ultraviolet region. Blue and green InGaN light-emitting diodes (LEDs) are studied extensively and already are commercially available. On the other hand, not so many studies have been conducted regarding red InGaN LEDs [1] [2] [3] [4] [5] and they are not commercialized yet. The crystal growth of InGaN red LEDs is regarded as a challenge due to the difficulty in growing InGaN with high In composition. 6) The poor crystal quality impedes the commercialization of InGaN red LEDs. Additionally, the huge polarization-related field in the highly-strained InGaN quantum wells (QWs) also deteriorates the emission efficiency because of the quantum confinement Stark effect (QCSE) in conventional c-plane LEDs. 7, 8) The semipolar (20 21) plane has drawn considerable attention since the realization of the high quality green laser diodes (LDs) on this plane. [9] [10] [11] [12] The InGaN QWs with high In composition grown on the (20 21) plane showed the good crystal quality in the green region. 9, 13) The influence of the QCSE is also mitigated by the reduced polarization-related electric field. [14] [15] [16] In addition, a unique property was recently reported about the carrier transport in the (20 21) plane. 17) The study showed that the single-quantum-well (SQW) structure was favorable for the (20 21) LEDs in terms of both electroluminescence (EL) intensity and forward voltage due to the poor carrier transport in the multiquantum-well (MQW) structure.
In this paper, we selected the (20 21) SQW LEDs in order to study InGaN red LEDs because the (20 21) plane is suitable for the longer wavelength region and the SQW structure is favorable for the (20 21) LEDs as mentioned above. We investigated the effect of the p-GaN growth temperature on the emission wavelength because the growth temperature of the p-GaN was reported to be relevant to the dissociation of InGaN. [18] [19] [20] We obtained red LEDs with a low forward voltage by decreasing the p-GaN growth temperature. We also compared the wavelength dependence of the forward voltage between the (20 21) and (20 2 1) SQW LEDs to consider the origin of the low forward voltage of the (20 21) SQW red LEDs.
Sample Structure
The ( 20 21 Fig. 1 . The emission wavelength of LEDs was manipulated by the growth temperature of the QW. strong impact on the EL wavelength when the growth temperature of the QW was higher than 740 C. The EL wavelength became longer by further decreasing the QW growth temperature when the p-GaN growth temperature was less than 910 C. As a result, the red EL emission was obtained within the range of 730-735 C for the QW growth temperature. However, under the condition of 1010 C for the p-GaN growth temperature, the EL wavelength became even shorter when the QW growth temperature was reduced from 740 to 730 C, which implies that high p-GaN growth temperature could be a limiting factor for increasing the EL wavelength. In order to investigate this unusual wavelength shift, the LED with the QW grown at 735 C and the p-GaN grown at 1010 C was examined in detail. Figure 2 (b) is a fluorescence microscope image of this LED. Triangularshaped areas with dimmer emission were observed. Figure 2 (c) is EL spectra of this LED acquired at the different positions. Three types of spectra were observed depending on the positions. The longer wavelength emission (A) and the shorter one (B) were observed at the outside of the triangular-shaped areas and the inside of those areas, respectively. The emission at the position containing both areas showed two peaks (C) corresponding to the wavelength of A and B. These results indicate that In composition was less inside the triangular-shaped areas and that the spread of these areas to the entire surface caused the unusual shift toward the shorter wavelength as seen in the LED with the QW grown at 730 C. However, those triangular-shaped areas were not observed in the LEDs with the p-GaN grown at 810 and 910 C even when their QWs were grown at 730 C. Therefore, the triangular-shaped areas were highly likely to be formed during the high temperature p-GaN growth. The detailed defect structures inside the triangleshaped areas are still under investigation. But we can still draw the conclusion that a low p-GaN growth temperature is necessary in order to achieve longer wavelength emissions. 21) SQW LEDs, the (20 2 1) SQW LEDs with the same structure were also investigated for comparison as shown in Fig. 3(b) . The turn-on voltages of the 2 ) was as low as 2.8 V. The author would like to note that the high series resistance in the longer wavelength LEDs might be caused by the deterioration of the crystal quality in the active region or the p-GaN. With further improvement in crystal quality, the forward voltage is expected to become even lower.
Results and Discussion
The dependence of the forward voltage at 5 mA (100 A/cm 2 ) on the emission wavelength was plotted as shown in Fig. 3(c) . The forward voltage of the (20 21) SQW LEDs decreased as the emission wavelengths increased. The theoretical minimum voltage of LEDs is limited by the photon energy according to the law of conservation of energy. However, the additional forward voltage can be built by the polarization-related electric fields or parasitic sheet resistances. 22) Since the voltage was in close agreement with its emission photon energy, which is shown as a broken line in Fig. 3(c) , we suggest that the ( 20 21 . This is because in the (20 21) plane the antiparallel polarizationrelated field in the barrier to the built-in p-n junction electric field diminishes the barrier height at the interface between the barrier and the QW. 17, 24, 25) This favorable direction of the polarization-related field for carrier injection into the QW is the origin of the low forward voltage in the ( 20 21 Figure 4(c) shows that the barrier height from EBL to QW/barrier interface is not sensitive to the In composition of the QWs. Therefore, the forward voltage is dominated by the bandgap of the QW as seen experimentally in Fig. 3(c) . On the contrary, in the (20 2 1) SQW LEDs the injection barrier heights for holes and electrons to the QW are enhanced by the polarization-related electric field due to its reversed polarity compared to the (20 21) SQW LEDs. 17, 26) Moreover, the injection barrier is further enhanced as the In composition increases as seen in Fig. 4(d) because the higher In composition causes the larger polarization-related electric field. This suggests that the enhanced injection barrier heights compensate or outweigh the effect of the narrower bandgap in the (20 2 1) SQW LEDs, which results in the different trend from the (20 21) SQW LEDs as seen experimentally in Fig. 3(c) . 
Conclusions
In summary, the (20 21) red SQW LEDs with a low forward voltage was demonstrated. In order to obtain the red emission, the p-GaN growth temperature has to be reduced compared to that in the conventional blue LEDs because excessively high p-GaN growth temperature caused triangular areas with a reduced emission wavelength. The reduction of the forward voltage in the longer wavelength was caused by the combination of the low injection barriers in the ( 20 21) SQW LEDs and the narrower bandgap of the QW.
